Mutation of the ACN1 (acetate non-utilizing 1) locus of Arabidopsis results in altered acetate assimilation into gluconeogenic sugars and anapleurotic amino acids and leads to an overall depression in primary metabolite levels by approx. 50% during seedling development. Levels of acetyl-CoA were higher in acn1 compared with wild-type, which is counterintuitive to the activity of ACN1 as a peroxisomal acetyl-CoA synthetase. We hypothesize that ACN1 recycles free acetate to acetyl-CoA within peroxisomes in order that carbon remains fed into the glyoxylate cycle. When ACN1 is not present, carbon in the form of acetate can leak out of peroxisomes and is reactivated to acetyl-CoA within the cytosol. Kinetic models incorporating estimates of carbon input and pathway dynamics from a variety of literature sources have proven useful in explaining how ACN1 may prevent the carbon leak and even contribute to the control of peroxisomal carbon metabolism.
Lipid mobilization in oilseeds
The processes by which a seed starts to germinate and quickly establishes itself as a fully self-nourishing organism, as well as the mechanisms that prevent these processes when growth conditions prove unfavourable, are truly remarkable. For seed to become seedling, the seed must imbibe, experience favourable environmental signals to germinate and then produce a set of machinery for the breakdown of reserves. In a few days after germination this machinery is degraded and the photosynthetic machinery takes over to make a self-sufficient plant. The processes that govern dormancy and germination have been studied extensively both physiologically and molecularly [1, 2] , and intricate models relating protein factors to hormonal control of germination, primarily through ABA (abscisic acid) and GA (gibberellic acid), have been produced [3, 4] . Although germination and lipid mobilization have been shown to be regulated separately in Arabidopsis [5] , it is apparent that processes in germination will affect lipid mobilization and the establishment of the seedling [6] . The general conclusion is that seeds will germinate without lipid degradation by β-oxidation, but that establishment of the seedling is compromised. We direct you to a number of reviews on plant lipid mobilization, β-oxidation and the glyoxylate cycle that discuss these issues [7] [8] [9] [10] [11] .
The control of lipid mobilization
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assimilation of acetyl-CoA. The induction of enzyme activities in both pathways matches the profile of TAG (triacylglycerol) degradation (Figure 1 ). Therefore, as fatty acids are released, they can be immediately catabolized. The mechanisms regulating the expression of β-oxidation and glyoxylate cycle genes remain unknown [10] . The transcription factor abscisic acid insensitive 4 is instrumental in linking hormone signalling and gene expression in relation to lipid mobilization [12] . Certain mutations that block β-oxidation of fatty acids prevent seedling establishment [13] [14] [15] [16] . In addition, mutations that affect metabolism of acetylCoA [17] or redox balance [18] also prevent the catabolism of fatty acids. Furthermore, other nutritional factors, such as carbohydrate [19] and nitrogen status [20] , can affect lipid mobilization. It has been suggested that acyl-CoAs themselves may regulate aspects of peroxisome function, including lipid mobilization, but the mechanisms are not known [21, 22] . It is clear that regulating the levels of acylCoAs, including acetyl-CoA, is critical for normal seedling development [21, 23, 24] .
Overall, very few studies have been directed toward standard metabolic control processes regulating lipid mobilization in plants. One study attempted to investigate the regulation of the glyoxylate cycle using castor bean endosperm [25] . Although a relatively high flux control coefficient for ICL (isocitrate lyase) was determined for the assimilation of exogenous acetate, the operation of the classic glyoxylate cycle via ICL has been questioned [8, 9, 26, 27] . However, it was shown that ICL activity is essential for seedling establishment when growth conditions are suboptimal [26] , or when other pathways of carbon provision are missing [28] . We have been studying seedling acetate/acetyl-CoA metabolism in Arabidopsis mutants that were isolated in screens for fluoroacetate resistance [29] . Characterization of the acn1 (acetate non-utilizing 1) mutant generated several results that are counterintuitive to its function as a peroxisomal acetylCoA synthetase. The present review permits us to present some data from our experiments, but most importantly to review and collate some of the published data to arrive at a model of ACN1 function during lipid mobilization.
Creating models and fitting parameters
We chose a relatively simple kinetic model in which metabolite concentrations are governed by mass flow and enzymatic rate constants [30] [31] [32] . Fatty acids are catabolized by β-oxidation and the glyoxylate cycle to citrate and malate, which are metabolized outside the peroxisome. Succinate levels are very low compared with those of citrate and malate, so its concentration was excluded. The model includes mechanisms for forming acetate and acetylCoA in both peroxisomes and cytosol (Figure 2 ). We ascertained that it might be possible to accommodate timedependent changes in rate constant parameters knowing the profiles of lipid breakdown and the induction of β-oxidation and glyoxylate cycle activities (Supplementary Table S1 at http://www.biochemsoctrans.org/bst/038/bst0381230add. htm). The input into the model was done in terms of fatty acid equivalents, which were calculated on a daily basis from the disappearance of TAG (L. Hernandez and I.A. Graham, personal communication). Enzyme activities for β-oxidation and the glyoxylate cycle increase transiently, reaching maximal activity between days 2 and 3, when TAG breakdown is most rapid (Supplementary Figure S1A at http://www.biochemsoctrans.org/bst/038/bst0381230add. htm). The profile of ACN1 activity increase was calculated from differences in transcript levels assuming ACN1 levels are transcriptionally regulated [33] 
(ArrayExpress Accession No. E-MEXP-2493).
A number of assumptions had to be made to form the model and assign rate constants. A major assumption of the model was a potential efflux of acetate from peroxisomes (k T ). Tobacco plants expressing a yeast acetyl-CoA hydrolase in mitochondria had elevated acetyl-CoA levels, which probably was due to acetate export and reactivation in the cytosol [34] . It is possible that a peroxisomal thioesterase (k TE ) active with a acetyl-CoA exists, as has been identified in Saccharomyces cerevisiae [22] . Also, we assumed that extraperoxisomal acetyl-CoA synthetase activity (k AC ) was greater than that of ACN1 (k ACN1 ) [35, 36] . It is known that acetylCoA can be produced in the cytosol from citrate by the ATP:citrate lyase (k MC ) [24] . The anapleurotic use of citrate (k TCA ) was assumed to be faster than both the conversion of citrate into acetyl-CoA by the ATP:citrate lyase (k MC ) and the sequestration of acetyl-CoA by biosynthesis (k BIO ) [17] . Accordingly, we assumed a unidirectional consumption of citrate and malate [17, 18] . The rate of acetate entry into peroxisomes (k CTS ) was assumed to be equal to or greater than that of ACN1, and is facilitated by the ABC transport protein comatose [37] . From comparisons of enzyme activities for long-chain ACX (acyl-CoA oxidase) [38] , malate synthase [39] and citrate synthase 3 [17] , it was reasonable to set the maximal value of the rate for peroxisomal acetyl-CoA utilization (k GLY ) to be higher than that for β-oxidation (β). ACX2 has the lowest activity of β-oxidation [38, 39] and it is a probable control point for β-oxidation flux [39, 40] . We assumed that the rate of conversion of acetyl-CoA into acetate extra-peroxisomally (k CA ) would be low, since the only means of forming acetate are indirect and probably come from turnover due to acetylation/deacetylation reactions [41] . Estimations of organelle volume ratios were obtained from Mansfield and Briarty [42] . In order to create the seedling growth profile shown in Figure 1 , we collected data on masses per seedling, and determined that water comprised approx. 75% of a seedling mass. This allowed us to estimate the cellular concentration of acetyl-CoA and other metabolites in order to put further constraints on the model. The equations for the model can be found at http://www.cpib.ac.uk/wpcontent/uploads/Hooks_report.pdf.
Output from the model
The goal of the modelling was to produce realistic values for rate constants that would explain the observations that acetylCoA levels and metabolites were lower in acn1 than wild-type at day 3. By HPLC [43] , acetyl-CoA levels were determined to be 38 ± 35 and 88 ± 18 nmol/g of fwt (fwt is fresh mass) (n = 5) in acn1-2 and wild-type Col-7 respectively (T. Larson and I.A. Graham, personal communication). By 1 H-NMR [44] , both citrate and malate were decreased by 40% (135 ± 59 compared with 220 ± 100 nmol/g of fwt; n = 6) and 48% (465 ± 220 compared with 225 ± 128 nmo/g of fwt; n = 5) respectively, in acn1-2 compared with wild-type Col-7 (A. Moing and D. Rolin, personal communication). We calculated the average cellular concentrations of acetyl-CoA to be 0.05 mM and 0.12 mM, and those of citrate plus malate to be 0.91 mM and 0.6 mM, for acn1-2 and wild-type respectively. Putting in the initial estimated concentration of fatty acids from TAG and the rate constants shown in Supplementary Table S1, we obtained profiles of concentrations over 8 days for both acetyl-CoA and metabolites (Figure 3) . By removing ACN1 activity we found that total acetyl-CoA increases ( Figure 3A ), but metabolites decrease ( Figure 3B ) relative to wild-type ACN1 levels by day 3. If levels of ACN1 were present, but lower than wild-type by a factor of 10 ( Figure 3A , 0.1) the concentrations of acetyl-CoA and metabolites approach those of acn1. A value of 10-fold wild-type ACN1 activity ( Figure 3A, 10) , brings the relative differences in acetyl-CoA and metabolites concentrations closer to what we observed experimentally.
In conclusion, the model has allowed us to hypothesize that ACN1 prevents a leak of carbon as acetate from peroxisomes. We can extend this hypothesis to ACN1 serving a role to help regulate the flow of acetyl-CoA between β-oxidation and the glyoxylate cycle as part of a synthetase/thioesterase substrate cycle. Further refinement of the model will be possible by studying the fate of isotopically labelled fatty acids, acetate and other substrates in acn1 and other mutants, and obtaining metabolite levels in experiments conducted over the developmental time course. 
